The Songpan Ganze accretionary orogenic wedge (Eastern Tibetan Plateau, China) is characterized by mid-to late Triassic syn-orogenic magmatism displaying a diversity of petrological and geochemical characteristics: I-type low-to high-K calc-alkaline, A-type alkaline, and S-type peraluminous granitoids. To better understand the genesis and emplacement of magmas associated with tectonic accretion along convergent plate boundaries, we present a comprehensive petrological, geochemical, and geochronological study of the neighbouring Markam and Taiyanghe granitoid plutons (separated by less than 2 km) intrusive into Songpan Ganze metasediments. The main volume of the Markam pluton is dominated by an S-type peraluminous medium-to coarse-grained granite [Qtz þ Pl þ Kfs(6Mc)þBt þ Ms þ Grt þ Chl þ Tur] which was emplaced over a period of 20 Myr from 231 to 209 Ma based on U-Pb zircon ages, at an estimated minimum depth of $11 km (300 MPa). Markam granites [0Á709405 < 87 Sr/ 86 Sr (t) < 0Á711113; -9Á02 < eNd (t) < -7Á99] result from the melting of the Songpan Ganze metasediments under amphibolite-facies conditions at a depth of at least 20 km. The magmatic series has evolved from the parental melt by fractional crystallization yielding a residual S-type, peraluminous, coarse-grained granite with feldspar phenocrysts (Qtz þ Kfs þ Pl þ Bt þ Ms þ Aln) forming the southeastern branch of the Markam pluton with U-Pb zircon ages ranging from 230 to 200 Ma (peak at 207 Ma). The main volume of the Taiyanghe pluton is dominated by I-type, high-K calc-alkaline, fine-to coarse-grained diorite and syenodiorite (Qtz þ Pl þ Kfs þ Bt þ Amp 6 Chl 6 Grt), and was emplaced over a period at an estimated minimum depth of about 11 km. Taiyanghe rocks have isotopic signatures [0Á708037 < 87 Sr/ 86 Sr (t) < 0Á708665; -6Á27 < eNd (t) < -3Á62] typical of magmas resulting from partial melting in a subduction context of an ultramafic source under eclogite-facies conditions and were only slightly geochemically influenced by Songpan Ganze metasediments. This magmatic series has experienced limited fractional crystallization from the parental magma, leading to the formation of a (Pl þ Amp)-rich cumulate. The Taiyanghe pluton also includes I-type, low-K calc-alkaline hornblende-gabbros [Amp(Hbl)þPl þ Qtz þ Bt], that have to our knowledge not been recognized before in the Songpan Ganze terrane, which we interpret as a residual mush resulting from the differentiation of the Taiyanghe magmas, intruding the pluton soon after its formation. These data provide evidence that the Triassic plutons intruding the Songpan Ganze accretionary orogenic wedge result from partial melting at different levels of mantle and crustal protoliths leading to magmas that show limited interactions despite their nearby emplacement, over a 30 Myr period.
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INTRODUCTION
The Songpan Ganze accretionary orogenic wedge (Eastern Tibetan Plateau, China) forms the eastern boundary of the Tibetan Plateau and results from the closure of the Paleo-Tethys ocean and the Triassic continental collision between the Qiangtang, Kunlun, North China, and Yangtze blocks (e.g. S¸engö r, 1985 , 1987 Mattauer et al., 1992; Xu et al., 1992; Yin & Nie, 1993 Nie et al., 1994; Burchfiel et al., 1995; Zhou & Graham, 1996; Yin & Harrison, 2000; Roger et al., 2003 Roger et al., , 2004 Roger et al., , 2010 de Sigoyer et al., 2014) . It is essentially composed of an initially 10-15 km thick Middle-Upper Triassic metasedimentary sequence (e.g. S¸engö r, 1987; Xu et al., 1992; Chen et al., 1995; Zhou & Graham, 1996; Chang, 2000; Yin & Harrison, 2000; Weislogel, 2008) , intensively folded during convergence (e.g. Burchfiel et al., 1995; Chen et al., 1995; Yin & Harrison, 2000; Harrowfield & Wilson, 2005) , and intruded by Late Triassic-Early Jurassic granitoid plutons (e.g. Huang et al., 2003a Huang et al., , 2003b Roger et al., 2004; Hu et al., 2005; Zhang et al., 2006 Zhang et al., , 2007 Zhang et al., , 2014 Xiao et al., 2007; Weislogel, 2008; Shi et al., 2009; Yuan et al., 2010; de Sigoyer et al., 2014) associated with rare volcanic rocks (Cai et al., 2010; Wang et al., 2011) . These granitoids have been the subject of several studies, revealing a diversity of petrological and geochemical characteristics (see review by de Sigoyer et al., 2014) . At least three main granitoid groups have been recognized: (1) I-type, low-to high-K calc-alkaline granitoids; (2) A-type, high-K alkaline granitoids; (3) S-type peraluminous granitoids (e.g. de Sigoyer et al., 2014; Deschamps et al., in preparation) . This magmatism has been classically attributed to a post-collisional context, as the magmatic bodies crosscut the structures of the metamorphosed sediments (Zhang et al., 2006 Xiao et al., 2007; Yuan et al., 2010) . However, considering that tectonic accretion of continental blocks could occur at the same time as subduction (see Vanderhaeghe, 2012) , a subduction-collision context characterized by rollback and associated with tear-fault development has been proposed by de Sigoyer et al. (2014) to explain the spatial heterogeneity and source diversity of the magmatic bodies. To better constrain the geological context associated with this syn-orogenic magmatism, a detailed petrological, geochemical and geochronological study has been undertaken at a local scale to depict the emplacement of the magmatic bodies within the orogenic crust.
This study focuses on the neighbouring Taiyanghe and Markam (Roger et al., 2004) plutons, separated by less than 2 km, which display totally different petrological and geochemical characteristics. We present new field and petrological observations for the granitoids and associated metasediments (from contact relationships and xenoliths), as well as new mineralogical, geochemical (major and trace elements), isotopic (Sr-Nd), thermobarometric, and geochronological (U-Pb on zircons) data. This new dataset allows us to better understand the deep geodynamics and geological processes operating at different lithospheric levels, related to the evolution of the Songpan Ganze magmatism.
GEOLOGICAL CONTEXT Geological overview of the Songpan Ganze accretionary orogenic wedge
The Songpan Ganze accretionary orogenic wedge (Eastern Tibetan Plateau, China; Fig. 1 ) represents a triangular area of about 2 Â 10 5 km 2 (i.e. one-fifth of the Tibetan Plateau). The Songpan Ganze accretionary orogenic wedge is mainly composed of a thick (from 5 to 15 km) Middle-Upper Triassic sedimentary sequence deposited in the former Songpan Ganze Basin within the Paleo-Tethys Ocean Zhou & Graham, 1996; Chang, 2000; Yin & Harrison, 2000) , which was attenuated during the Late Triassic closure of Paleo-Tethys (e.g. S¸engö r, 1985; Mattauer et al., 1992; Xu et al., 1992; Nie et al., 1994; Yin & Harrison, 2000; Roger et al., 2010; de Sigoyer et al., 2014) . It is bounded by two sutures: (1) the Kunlun-Anyemagen suture and Kunlun arc to the north, marking the contact with the Qaidam terrane and North China craton; (2) the Litang-Jinsha suture and Yidun arc to the south, marking the contact with the Qiangtang block. To the east, the Songpan Ganze terrane is separated from the Yangtze craton block (i.e. western part of South China craton; Sichuan Basin) by the Longmen Shan belt. Metasedimentary rocks forming the Songpan Ganze accretionary orogenic wedge (Mattauer et al., 1992; Harrowfield & Wilson, 2005) were tectonically decoupled from the downgoing plates, which subducted along the north-dipping Kunlun-Anyemagen subduction zone and the south-dipping Jinsha-Litang subduction zone (Reid et al., 2005a; Wang et al., 2008; Yang et al., 2011 Yang et al., , 2012 . The moderately to strongly deformed calciclastic and siliclastic gravity flow deposits (i.e. turbidites or flysch) were derived from erosion of the neighbouring continental landmasses on the northern (Qinlin-Dabie and Kunlun range) and the southern (Yidun arc) margins of the Paleo-Tethys (Gu, 1994; Nie et al., 1994; Zhou & Graham, 1996; Bruguier et al., 1997; Enkelmann et al., 2007; Zhang et al., 2008; Ding et al., 2013) .
The Songpan Ganze granitoid plutons
Throughout the Songpan Ganze terrane, numerous Late Triassic-Early Jurassic granitoid plutons intruded the Middle-Upper Triassic metasedimentary unit (Huang et al., 2003a (Huang et al., , 2003b Roger et al., 2004; Hu et al., 2005; Zhang et al., 2006 Zhang et al., , 2007 Zhang et al., , 2014 Xiao et al., 2007; Weislogel, 2008; Shi et al., 2009; Yuan et al., 2010; de Sigoyer et al., 2014) , and the emplacement of minor volcanic rocks occurred (Cai et al., 2010; Wang et al., 2011) . The ages of most of these plutons range from 228 6 2 Ma (Jiulong pluton; Xiao et al., 2007) to 195 6 6 Ma (South Rilong pluton; Roger et al., 2004) , with the exception of the Markam pluton, for which Roger et al. (2004) obtained two ages of 188 6 2 and 153 6 3 Ma. Previous studies on these plutons did not document systematic evidence for post-emplacement deformation (see review by de Sigoyer et al., 2014) . Songpan Ganze granitoids display a large range of petrological and geochemical characteristics (de Sigoyer et al., 2014) , reflecting different sources and/or depth of magma extraction. At least three groups can be distinguished based on previous studies: (1) high-K calc-alkaline granitoids, with or without adakitic affinity, with I-type characteristics (10 studied plutons: Yanggon, Maoergai, Xue Sheng, Sheng Meng, Menggu, Manai, Dusong, Tagong, Jiulong, and Taiyanghe); (2) high-K alkaline granitoids with A-type characteristics (three studied plutons: Niuxingou, Rilong, and Nyanbaoyeche); (3) peraluminous granitoids with S-type characteristics (Markam pluton, plus some local evidence in the roots of the Manai pluton). Observed petrographic types range from diorite to granite. Interestingly, we should note that high-K calc-alkaline granitoids seem to be preferentially localized to the eastern-southeastern part of the Songpan Ganze accretionary orogenic wedge, whereas the high-K alkaline granitoids (with the exception of the Niuxingou and Rilong plutons) are more commonly observed close to the East Kunlun arc terrane in the northern-northwestern part [see de Sigoyer et al. (2014) ; new occurrences have been described by Deschamps et al. (in preparation) ]. It is striking that, despite the thick metasedimentary pile forming the Songpan Ganze terrane, only the Markam pluton has a strictly peraluminous signature.
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Markam pluton
The Markam pluton is located $150 km NW of the Longmen Shan front. Its surface exposure has a Y shape with dimensions of about 35 km (west-east) Â 15 km (north-south) (Fig. 1 ). As observed previously by Roger et al. (2004) and confirmed by our field observations, the pluton crosscuts the regional-scale folds affecting the entire Songpan Ganze accretionary orogenic wedge; this is strongly in favour of post-tectonic (folding) emplacement. It should, however, be noted that (1) several plutons intruding the Songpan Ganze terrane display solid-state deformation at their margin, and (2) metamorphic ages point towards a tectonometamorphic event coeval with the end of the emplacement interval of the magmatic bodies (de Sigoyer et al., 2014) . These features are typical of emplacement in a relatively cold and deformed host-rock before the end of tectonic activity (Caggianelli et al., 2000; de Saint Blanquat et al., 2011) . Despite its significant size and geographical position, the Markam pluton has never been the focus of a systematic study to constrain its field relationships and geochemical signatures. Previous studies (Roger et al., 2004; de Sigoyer et al., 2014) were focused on the southern branch of the pluton (Fig. 1) . In this southern branch, two petrographic facies were observed: a porphyritic granite with feldspar phenocrysts [Qtz þ Kfs(6Mc)þPl þ Bt 6 Ms 6 Chl] and a fine-grained leucogranite [Qtz þ Kfs(6Mc)þMs 6 Pl 6 Bt 6 Tur 6 Grt]. Based on the observation of pegmatites (tourmaline þ biotite-rich enclaves) associated with the leucogranite, Roger et al. (2004) suggested that the Markam outcrop represents the top of the pluton. The U-Pb isotope dilution thermal ionization mass spectrometry (ID-TIMS) zircon age obtained by conventional methods for a leucogranite sample is 153 6 3 Ma (Roger et al., 2004) .
Taiyanghe pluton
The Taiyanghe pluton is exposed less than 2 km SW of the Markam pluton; it has a north-south elongated shape with dimensions of about 15 Â 5 km (Fig. 1) . Previous studies indicate an age of about 205 6 3 Ma (BGMRSP, 1991; Yuan et al., 2010) , thus at least 15 Myr older than the Markam pluton, but within the age range of neighbouring Songpan Ganze granitoids. Previously studied samples were mainly described as undeformed monzonite by Yuan et al. (2010) , with a mineralogy composed of Pl þ Kfs þ Hbl þ minor Qtz þ Bt 6 Aln. Yuan et al. observed a few anhedral garnet crystals and interpreted them as xenocrysts.
ANALYTICAL PROCEDURES

Mineral characterization
Mineral compositions (cores of grains) were determined by electron microprobe analysis (JEOL JXA-8230; Laboratory ISTerre, Grenoble, France Concerning the analyses of daughter isotopic ratios on ICP-MS, the BHVO2 standard was run every five or six 67Á83  73Á61  72Á84  68Á37  72Á23  TiO 2  0Á48  0Á03  0Á16  0Á44  0Á60  Al 2 O 3  16Á48  15Á55  14Á90  15Á87  13Á85  Fe 2 O 3 (t)  2Á92  0Á72  1Á19  3Á17  4Á20  MnO  0Á03  <0Á01  0Á02  0Á05  0Á03  MgO  0Á78  0Á13  0Á27  0Á88 
(continued) 50Á33  52Á56  55Á24  53Á70  63Á12  TiO 2  0Á82  0Á73  0Á84  1Á00  0Á80  Al 2 O 3  17Á37  12Á95  16Á54  20Á28  18Á34  Fe 2 O 3 (t)  11Á24  9Á03  8Á17  9Á50  5Á75  MnO  0Á12  0Á15  0Á09  0Á08  0Á06  MgO  5Á14  9Á98  5Á02  1Á31  2Á53  CaO  9Á38  10Á87  7Á91  5Á95 
Geochronology
Zircon grains were separated using conventional heavy liquids and Frantz magnetic separation techniques. Zircon grains were hand-picked under a binocular microscope, mounted in an epoxy resin disk and polished using 0Á25 lm diamond paste. Prior to in situ analysis, the zircons were first characterized and documented, using cathodoluminescence microscopy to reveal their internal structures. The U-Th-Pb isotopic data on zircons were obtained by laser ablation (LA)-ICP-MS at the Laboratoire Magmas et Volcans (Clermont-Ferrand, France) . Mineral ablation was performed using a Resonetics M-50 laser system powered by an ultra-short-pulse (<4 ns) ATL Atlex Excimer laser operating at a wavelength of 193 nm (Mü ller et al., 2009) . Spot diameters of 15 mm were associated with repetition rates of 3 Hz and energy 2Á5 mJ. The ablated material was carried into helium and then mixed with nitrogen and argon before injection into the plasma source of a Thermo Element XR Sector Field highresolution ICP-MS system. The alignment of the instrument and mass calibration were performed before every analytical session using the NIST SRM 612 reference glass, by inspecting the signals of 238 U, 232 Th and 208 Pb and by minimizing the ThO þ /Th þ ratio. The analytical method for isotope dating with LA-ICP-MS is basically similar to that reported by Paquette & Tiepolo (2007) , Hurai et al. (2010) and Paquette et al. (2014) . The occurrence of common Pb in the sample can be monitored by the evolution of the 204 (Pb þ Hg) signal intensity, but no common Pb correction was applied because of the large isobaric interference from Hg. The 235 U signal is calculated from 238 U on the basis of the ratio 238 U/ 235 U ¼ 137Á88. Single analyses consisted of 30 s of background integration with the laser off, followed by 1 min integration with the laser firing and a 30 s delay to wash out the previous sample and prepare the next analysis. Data were corrected for U-Pb fractionation occurring during laser sampling and for instrumental mass bias by standard bracketing with repeated measurements of two GJ-1 zircon standards (Jackson et al., 2004) every eight unknowns. Repeated analyses of the 91500 zircon standard (Wiedenbeck et al., 1995) at the beginning and end of each analytical session, and treated as an unknown, independently control the reproducibility and accuracy of the corrections. Data reduction was carried out with the software package GLITTER V R from Macquarie Research Ltd (van Achterbergh et al., 2001; Jackson et al., 2004) . 230 Th disequilibrium was corrected for according to Schä rer (1984) . Calculated ratios were exported and concordia ages and diagrams were generated using the Isoplot/Ex v. 2.49 software package by Ludwig (2001 Ludwig ( , 2003 . The concentrations of U-Th-Pb were calibrated relative to the certified contents of GJ-1 zircon standards (Jackson et al., 2004 (Tera & Wasserburg, 1972) , where the analytical points plot along a mixing line between the common Pb composition in the upper intercept and the zircon age in the lower intercept. This method is commonly used to date Phanerozoic zircons using in situ techniques (Baldwin & Ireland, 1995; Jackson et al. 2004) . All the ages are given at the 2r level (Supplementary Data Electronic Appendix 3).
RESULTS
Field observations and petrography
Markam pluton
Samples were collected along the 317 national road defining an east-west transect that crosscuts both northern branches of the pluton east of the city of Markam (Fig. 1) . The Markam pluton is composed mainly of granitic rocks, although one of the collected samples corresponds to a syenite [MAR14-10b(3)]. Locally, and especially in the western part of the pluton, the main granitic facies contains pegmatitic pockets with centimetre-scale muscovite (MAR14-8 dyke ), as well as fractures filled by tourmaline ( Fig. 2a and b) . Moreover, enclaves of metasediment of metre to 100 m size are observed in several places within the pluton along the studied transect (samples MAR14-9 and MAR14-11a; Fig. 1 ). The laccolith shape of the pluton is particularly well illustrated along the western metasediment-pluton contact. It is marked by a network of dykes cross-cutting the foliation in textural continuity with sills concordant to the foliation ( Fig. 2c-e) . Some of these dykes are transposed and boudinaged into the foliation (Fig. 2f ). These features suggest that the intrusion of the network of granitic dykes and sills and emplacement of the pluton are syntectonic (Vanderhaeghe, 1999) , although the granitoids forming the Markam pluton generally do not show any signs of solid-state deformation ( Fig. 2a and b) . The collected magmatic samples ( Fig. 3a and d ) display a homogeneous mineralogy consisting of quartz ($25-40%), plagioclase ($20-45%), K-feldspar and sometimes microcline ($15-25%), biotite ($5-10%), muscovite ($5-10%), garnet (<5%), and minor chlorite, tourmaline (MAR14-8 dyke , 10b, 12, and 15), apatite, monazite, allanite, xenotime, and zircon (Supplementary Data Electronic Appendixes 1 and 2; Fig. 4a and c) . Samples MAR14-8 and 15 are distinguished by the additional presence of rutile, and sample MAR14-13 by the presence of sillimanite (up to $5%) (Fig. 4a) . Samples display a fine-(sample MAR14-10a) to medium-to coarse-grained texture, with millimetre size garnet ( Fig. 4a and b) . Except for the southernmost sample MAR14-28 (Fig. 3d ) collected close to previously studied sites (Roger et al., 2004;  de Sigoyer et al., 2014; Fig. 1 ), all studied samples represent new facies. However, we note that the southernmost sample MAR14-28 (Fig. 3d ) displays a porphyritic texture with centimetre-size Kfeldspar phenocrysts in a matrix of quartz, plagioclase, biotite, and muscovite, with allanite, zircon, and (c-e) Views of the (meta)sediment-granite contact along the studied east-west transect (views toward the south, indicated by the white arrow in proximity to the sampling location MAR14-12 in Fig. 1 ). (f) Late pegmatitic intrusion penetrating (meta)sediments, which has a boudinaged structure. monazite as accessory phases (Fig. 4c ), in agreement with the observations made by Roger et al. (2004) and de Sigoyer et al. (2014) in this zone.
In general, quartz occurs as subhedral more or less rounded crystals up to 2-3 mm in diameter (>5 mm in sample MAR14-8 dyke ) devoid of wavy extinction or any other signs of intracrystalline deformation. Plagioclase occurs as anhedral to euhedral grains, up to 2-3 mm [<5 mm in sample MAR14-10b(2)]; zonation is very rare. Some samples (e.g. MAR14-8 dyke ) display a first generation of euhedral plagioclase and a second one of interstitial grains. Plagioclase compositions are essentially andesine and albite (An 43 to An 31 and An 10 to An 5 ; Fig. 6a ). Alkali feldspar mainly appears as interstitial and anhedral grains (up to 2-3 mm and up to 1 cm sized phenocrysts in sample MAR14-28), and is more or less perthitic. Its composition ranges from Or 94 to Or 90 (Fig. 6a) .
Biotite is ubiquitous and occurs as subhedral to euhedral grains (up to 2 mm); inclusions of zircon are rare. Biotite crystals are more ferroan than magnesian (Fig. 6b) , and plot within the field of peraluminous samples ( Fig. 6c and d) as defined by Abdel-Rahman (1994) . Muscovite is abundant, which is unusual in the Songpan Ganze granitoids, and occurs as euhedral crystals up to 1 mm; we should mention the exception of sample MAR14-15 where muscovite occurs as 2-3 mm sized phenocrysts. It should be noted that muscovite also occurs as a secondary product after alteration or destabilization of feldspars, and occasionally [e.g. MAR14-10b(1)] as acicular crystals (locally with two preferred orientations perpendicular to each other) within feldspars and without any relation to twins. Tourmaline is rare and, when present, does not exceed more than a few per cent; it occurs as subhedral isolated grains locally up to 5 mm (generally 500 mm). Garnet (almandine) is ubiquitous (with the exception of samples MAR14-8 and MAR14-28) and occurs as a trace mineral, having a rounded to euhedral (MAR14-8 dyke ) habit, and is never larger than 500 mm [except for MAR14-10b(3), up to 3 mm]; garnet crystals are usually free of inclusions. Allanite is essentially observed in samples MAR14-12 and MAR14-28 and occurs as subhedral to euhedral crystals (up to 500 mm; Fig. 4c ) with oscillatory zoning. Sillimanite was observed only in sample MAR14-13 as patches (up to 2 mm) always associated with muscovite. Analyzed oxides are mostly Tioxides and magnetite; these are not common in this granitoid series.
Taiyanghe pluton
The Taiyanghe pluton was sampled along a northsouth transect ( Fig. 1 ) along a valley. As for the Markam pluton, there is no evidence at the sample scale for post-magmatic deformation. The Taiyanghe pluton displays a larger petrological variability than the Markam pluton ( Fig. 3 and Supplementary Data Electronic Appendix 2), and comprises hornblende-gabbro, diorite, syenodiorite, and granite. Such a petrological diversity is observed at the outcrop scale as examplified by a 100 m wide outcrop illustrated in Fig. 5a -c, f and g. This outcrop is mainly constituted of a granitic body (e.g. MAR14-23; Fig. 5a ) containing decimetre-size enclaves of metasediments. The pluton also comprises diorite to syenodiorite bodies with lobate contacts (Fig. 5b and c) , typical of mingling between magmas with different viscosities (Vernon et al., 1988) . Zones of diffuse contacts between the granite and dioritic magmatic rocks ( Fig. 5f and g) are indicative of partial mixing (Neves & Vauchez, 1995; Barbarin, 2005) . Accordingly, in contrast to the Markam pluton and its homogeneous petrological aspect, the Taiyanghe pluton seems to be the result of a more complex geological scenario, involving interactions of different types of magma and potential contamination by metasediments.
Hornblende-gabbros (MAR14-21a, 21b, 25 and 26a) are characterized by a high proportion of amphibole (Mg-hornblende 6 actinolite, 30-45%) associated with plagioclase (andesine, bytownite, 40-45%), quartz (5-10%) and biotite (5-15%) (Fig. 4d ). It should be noted that these Mg-Ca-rich rocks do not display any evidence of primary pyroxene, even by using X-ray diffraction methods. 19, 20, 22) contain plagioclase (andesine, 45-60%), biotite (15-20%), quartz (10%), Fe-tschermakite (10-15%), K-feldspar (5-15%), and rare chlorite; sample MAR14-18 has up to 5% garnet (Fig. 4e) . Samples MAR14-20 and 22 show only traces of garnet. The dioritic sample (MAR14-24) is made of plagioclase (andesine, 25%), K-feldspar (10%), Mg-hornblende 6 actinolite (35-40%), biotite (15%) and quartz (10-15%). Granite (MAR14-23) is mostly dominated by quartz (up to 40%), K-feldspar (20-30%), and plagioclase (15-25%), with a little chlorite (10%), amphibole (5%), and biotite (5%) (Fig. 4f) . None of the collected samples matches those described by Yuan et al. (2010) as monzonite [K-feldspar (15%), plagioclase (50%), and hornblende (30%), with minor quartz and biotite].
Quartz occurs as anhedral-rounded, up to 2 mm interstitial crystals (e.g. MAR14-23). Plagioclase occurs as subhedral to euhedral grains (up to 2-3 mm) without any zonation. It is interstitial in gabbro MAR14-21b. Plagioclase is altered to sericite in some samples (e.g. MAR14-2). Plagioclases are bytownite (An 84 to An 73 ) and andesine (An 49 to An 35 ) (Fig. 6a) . Alkali feldspar (which is not present in the hornblende-gabbros) occurs as subhedral grains, up to 2-3 mm in size, and is sometimes zoned.
Biotite appears in all samples as subhedral to euhedral grains (up to 2-3 mm), displaying rare inclusions of zircon and apatite; biotite occurs as <2 mm sized aggregate in hornblende-gabbro MAR14-21b. In contrast to biotite from the granitoid of the Markam pluton, the biotite of the Taiyanghe pluton is richer in Mg compared with Fe, and falls within the field of calc-alkaline granitoids according to Abdel-Rahman (1994) (Fig. 6c and d) . We should, however, mention the particular case of biotites from syenodiorite MAR14-22, which shows the same characteristics as those in the granite of the Markam pluton, and plots in the same peraluminous field. Interestingly, the Taiyanghe biotites seem to be aligned along evolutionary trends in plots of Al 2 O 3 versus MgO and MgO versus FeO ( Fig. 6c and d) , suggesting petrological evolution of the granitoids from calcalkaline to peraluminous series for this pluton. Amphibole is present in all the samples of the Taiyanghe pluton except for the syenodiorites; it is abundant in the hornblende-gabbros and diorites ($35%) and rarer in the granites (10%). It occurs as anhedral (e.g. MAR14-21a) to subhedral grains in hornblende-gabbros and as subhedral to euhedral (e.g. MAR14-18) grains in dioritic and granitic rocks, and has diameters up to 500 mm on average. The amphiboles fairly often form aggregates, independent of the nature of the rocks. Studied amphiboles are mainly calcic amphiboles having, for the majority of samples (MAR14-21b, 24, and 25), magnesio-hornblende compositions according to the classification of Leake et al. (1997) (Fig. 6e) , with the exception of two analyses falling in the field of actinolite. We note, however, the presence of ferrotschermakite in sample MAR14-22. Garnet (almandine) appears in three syenodioritic samples as a trace mineral (only one 3 mm sized grain in the studied thin section MAR14-20), has an anhedral to subhedral shape (up to 500 mm), and sometimes hosts inclusions of apatite.
Amphibole thermobarometry (application to Taiyanghe pluton)
Empirical equations from experimental work on amphibole-plagioclase assemblages allow us to estimate temperature conditions (in the range 400-1000 C, minimum uncertainty T 6 40 C; Holland & Blundy, 1994) , whereas corresponding pressure conditions were estimated by using the Al-in-hornblende barometer of Anderson & Smith (1995) , which is suitable for calcic amphiboles in intermediate calc-alkaline magmas. We combined the thermometric and barometric equations to evaluate the pressure-temperature conditions in analysed cores of amphiboles (mostly magnesiohornblende) from the Taiyanghe samples (Supplementary Data Electronic Appendix 1) together with the plagioclase composition of neighbouring crystals. Amphibole rims were not selected for the calculation because they show limited traces of retrogression to actinolite and fall outside the range of application of the thermobarometers. Results are reported in Fig. 6f . Mgrich calcic amphibole [with Fe tot /(Mg þ Fe tot ) between 0Á4 and 0Á65] from samples MAR14-21b, 24, and 25 formed in a range of calculated temperatures from 536 to 732 C, for a corresponding range of pressures between 191 and 706 MPa (up to 25-30 km depth). Such calculated pressure-temperature conditions, in agreement with upper crustal emplacement conditions, are consistent with those discussed in previous studies of calc-alkaline magmas (e.g. Ridolfi & Renzulli, 2012) . Pressure-temperature conditions have been tentatively estimated for the formation of tschermakite in syenodiorite MAR14-22 [650 < T C < 696, 683 < P (MPa) < 1040], but the results must be considered with caution as the considered calcic amphiboles have Fe tot / (Mg þ Fe tot ) > 0Á65, outside the application range of the barometer (Anderson & Smith, 1995) . 
Petrology and pressure-temperature conditions of associated metasediments
Four metasediments were sampled from enclaves inside the granitic bodies or from the surrounding wallrocks close to the contact. Concerning the Markam intrusion, one metasediment (MAR14-17) was sampled in the NE close to the contact with the pluton, and two others (MAR14-9 and 11a) were collected from inside the western branch of pluton, preferentially from decimetre-sized metasedimentary enclaves (see Fig. 2 ). Sample MAR14-9 is a micaschist composed of quartz (70-80%), plagioclase (10-20%), biotite (5%; which ) vs Si (from stoichiometric formulae) illustrating the compositional variations of calcic amphiboles [Ca B ! 1Á5; Ca A 0Á5; (Na þ K) A < 0Á5] for the Taiyanghe granitoids (after Leake et al., 1997) . (f) Pressure (MPa) vs temperature ( C) from thermobarometric calculations on Taiyanghe calcic amphiboles [after Holland & Blundy (1994) and Anderson & Smith (1995) ]: green diamonds, hornblende-gabbro MAR14-21b; green crossed square, MAR14-24 diorite; green triangle, MAR14-25 hornblende-gabbro; green square, MAR14-22 syenodiorite.
defines the schistosity), anhedral poikilitic garnet (5%), hornblende ($2-3%) and ilmenite (>5%) locally surrounded by small crystals of titanite, and traces of secondary chlorite owing to late, low-T, fluid-rock interactions (Fig. 4g ). Sample MAR14-11a has a granoblastic texture, and is composed of quartz (50%), biotite (20-25%), patches of sillimanite, which seem to form pseudomorphs of andalusite (20%) and are often associated with muscovite (<5%), plagioclase (5%; oligoclase) and traces of secondary chlorite (Fig. 4h) . Sample MAR14-17, taken at the eastern contact, has a nematoblastic texture and is composed of quartz (50%), biotite (30%), amphibole (15-20%; magnesio-hornblende and actinolite), ilmenite (>5%) sometimes surrounded by titanite, traces of plagioclase and secondary subhedral carbonate in veins or leucosomes. One metasediment (MAR14-27) was sampled in the southern part of the Taiyanghe pluton a few metres away from the contact. It is composed of quartz (50-55%), biotite (20-30%), andalusite (20%), muscovite (<5%), iron oxide (<5%), rare plagioclase and secondary chlorite (Fig. 4i) .
To estimate the emplacement depth of the intrusions, the pressure-temperature conditions for contact metamorphism were determined from thermodynamic modelling of metasediment samples MAR14-9, 11a, 17 and 27 in the Na 2 O-K 2 O-CaO-FeO-MgO-Al 2 O 3 -SiO 2 -TiO 2 -H 2 O system (Fig. 7) . Pressure-temperature pseudosections were calculated using the PERPLE_X software package (Connolly, 2005; version 6.7 .2 from December 2015 downloaded from http://www.perplex. ethz.ch). We used the thermodynamic dataset of , updated 2002 for minerals and H 2 O (CORK model, Holland & Powell, 1991) . The fluid was considered as pure H 2 O (aH 2 O ¼ 1). We used the following solid-solution models, which are compatible with the dataset: (1) Opx(HP) for orthopyroxene defined by Powell & Holland (1999) ; (2) Cpx(HP) for clinopyroxene defined by Holland & Powell (1996) ; (3) Bio(TCC) for biotite defined by Tajcmanová et al. (2009) ; (4) Chl(HP) for chlorite defined by ; (5) Amp(DHP) for amphibole defined by Dale et al. (2000) ; (6) Kf for alkali feldspar defined by Waldbaum & Thompson (1968) ; (7) Pl(h) for plagioclase defined by Newton et al. (1980) ; (8) San for sanidine defined by Waldbaum & Thompson (1968) ; (9) Gt(HP) for garnet defined by ; (10) Micaþ(CHA) for white mica defined by Coggon & Holland (2002) and Auzanneau et al. (2010) ; (11) St(HP) for staurolite (Thermocalc parameters); (12) Ctd(HP) for chloritoid defined by White et al. (2000) ; (13) hCrd for cordierite (ideal model); (14) melt(HP) for silicate-melt defined by and White et al. (2001) . Phases not mentioned above were considered as the pure phase. The modelled modal proportions of each phase were used to check the consistency between the observed mineral assemblage and the pseudosections, allowing us to determine the approximate pressuretemperature conditions of contact metamorphism.
Calculated pseudosections for metasediments MAR14-9 and 14-11a, occurring as enclaves within the Markam pluton, give a pressure-temperature range of formation for the observed mineral assemblage of 575-605 C at > 550 MPa and 510-545 C at 350-450 MPa respectively ( Fig. 7a and b) . For sample MAR14-11a, prograde contact metamorphism is suggested by the pseudomorphing of andalusite by sillimanite (arrow in Fig. 7b ). The estimated P-T conditions for metamorphism, which affected metasediment MAR14-17 outside the granitic body at the contact with the pluton, are 425-540 C, at a pressure lower than 400 MPa (Fig. 7c) . We interpret the pressures obtained in the enclaves as sampling depths (>20 km for sample MAR14-9; 12-16 km for sample MAR14-11a converting lithostatic pressure to equivalent depth with a density of 2800 kg m -3 ) at different structural levels in the Songpan Ganze metasedimentary sequence (Fig. 7c ). An upper limit of 14 km for the emplacement depth of the Markam intrusion is determined from the sample taken at the eastern contact. For sample MAR14-27 from the southern contact of the Taiyanghe pluton, the pseudosection shows that the observed mineral assemblage is stable at 560 < T( C) < 640 at a pressure lower than 300 MPa (Fig. 7d ). The temperature is $100 C higher than that observed at the contact of the Markam intrusion, which is in agreement with the more mafic, and thus hotter, character of the Taiyanghe magmas. The maximum emplacement depth was calculated at $10 km; that is, close to the maximum emplacement depth estimated for the Markam intrusion. We should also note that there is a good agreement between the pressure range obtained here for the emplacement depth from contact metamorphism and the estimated pressure conditions of crystallization of the magmatic body estimated from amphibole formation (see above).
Whole-rock major and trace element compositions Major element contents
The Markam and Taiyanghe plutons have distinct geochemical characteristics as exemplified in the geochemical diagrams in Figs 8 and 9, where our data have been plotted together with previous data obtained by various researchers (Zhang et al., 2006 (Zhang et al., , 2014 Xiao et al., 2007; Cai et al., 2010; Yuan et al., 2010; de Sigoyer et al., 2014) . For the Taiyanghe pluton the new geochemical data extend the field defined by earlier data from Yuan et al. (2010) towards more mafic (gabbroic) and silicic rocks. In the Na 2 O þ K 2 O versus SiO 2 diagram [ Fig. 8a ; after Cox et al. (1979) , adapted for plutonic rocks by Wilson (1989) (Fig. 9 ) and compared with the differentiation trend defined by other Songpan Ganze granitoids (Zhang et al., 2006 (Zhang et al., , 2014 Xiao et al., 2007; Cai et al., 2010; Yuan et al., 2010; de Sigoyer et al., 2014) . The granitic samples from Markam broadly define a linear trend. It should be noted that the porphyritic granite plots at the low-SiO 2 end of the trend. The sample taken in a pegmatitic vein plots slightly outside the trend. The various magmatic rocks from the Taiyanghe pluton show a large dispersion, although a linear trend can be defined most notably for the MgO-SiO 2 , CaO-SiO 2 and P 2 O 5 -SiO 2 diagrams. The granitic sample plots outside the trends. As a whole, the plutonic rocks of the Sonpang Ganze terrane define broadly linear trends in most Harker diagrams (MgO, Al 2 O 3 , Fe 2 O 3 , TiO 2 and CaO versus SiO 2 ). In this respect, we observe that the studied plutons represent, respectively, mafic (Taiyanghe) and felsic (Markam) end-members for the regional magmatism. However, in detail, the Taiyanghe samples are not perfectly aligned with the Songpan Ganze plutonic rocks trend. For example, in the MgO versus SiO 2 diagram (Fig. 9a) , these samples define a separate trend [where MgO content, at 1Á23 < MgO (wt %) < 11Á38, has a large variability compared with SiO 2 content] characterized by a steeper slope compared with the regional trend.
Rare earth and trace element contents
Markam pluton. The Markam samples display roughly homogeneous, decreasing REE patterns (with the exception of two samples, MAR14-8 dyke and MAR14-13; Fig. 10a) , with light REE (LREE) contents $10 times higher than those of heavy REE (HREE). In detail, we distinguish the following groups: (1) Normalized trace element patterns for Markam samples also display homogeneous characteristics (Fig. 10b) , with REE contents close to chondritic compositions (McDonough & Sun, 1995) for the most compatible elements, and up to 1000 times CI-chondrite for the incompatible elements, with the exception of samples MAR14-8 dyke and MAR14-13. Among the notable features of the trace element patterns are negative anomalies in Ba and Nb, and to a lesser extent Sr and Eu for some samples. Fig. 1 ; references for published data are as for Fig. 8 . Major element compositions of mineral phases are also indicated (stars and ovals) for feldspar, biotite, amphibole, muscovite, garnet, and allanite (white fields labelled 't' are the geochemical compositions of mineral phases observed in the Taiyanghe granitoids; dark grey fields labelled 'm' are for Markam; light grey fields are common phases and compositions for both bodies). The dotted lines in (g) and (h) represent the TiO 2 and P 2 O 5 saturation thermometry after Green & Pearson (1986) and Harrison & Watson (1984) , respectively. (Fig. 10c) that are more or less parallel, having in general LREE normalized ratios 10 times higher than HREE ratios and displaying an important range of variation for a given element (from one to 10 times). In detail, the hornblende-gabbros (MAR14-21a, 21b, 25 and 26a) have three kinds of REE pattern: . Granite MAR14-23 has a complex pattern with two parts: elements from La to Eu plot with those of previous syenodiorites whereas HREE from Gd to Lu show a U-shaped pattern and display the lowest REE contents for the Taiyanghe series. Among all these samples, we noticed that the four syenodiorites have REE patterns similar to those previously described by Yuan et al. (2010) (Fig. 10c) .
Normalized trace element patterns for the Taiyanghe samples are heterogeneous (Fig. 10d) , as already described for their REE patterns. To a first order, two groups of spectra are distinguished: patterns depleted in incompatible elements for the more mafic samples (i.e. diorite and hornblende-gabbros) and more enriched patterns for more evolved samples (i.e. syenodiorites and granite). In general, hornblende-gabbros display enrichment in Cs, Rb and Ba compared with neighbouring elements, as well as more or less marked depletion in Nb and Ta. The dioritic sample has an intermediate position between mafic and evolved samples; it is characterized by enrichment in Cs, Rb, Ba and to a lesser extent Sr, and small depletion in Ta. Syenodiorites and granite trace element patterns are characterized by negative anomalies in Nb, Ta, Pb and to a lesser extent U. It should be noted that none of the samples described here show the Zr-Hf negative anomalies described by Yuan et al. (2010) . Moreover, the Pb contents of the samples presented in this study are much lower than those reported by Yuan et al. (2010) . Nd (calculated) diagram (Fig. 11e) , the Markam samples define an alignment along an isochron at 246 6 11 Ma (MSWD ¼ 1Á6; MAR14-15 was excluded), and the Taiyanghe samples are aligned along an isochron at 250 6 29 Ma (MSWD ¼ 0Á96; MAR14-26a was excluded). Zircon crystals from the Markam sample MAR14-12 are generally elongated, prismatic, colorless crystals, ranging in size from $70 to 150 mm. When observed in cathodoluminescence, most of them exhibit concentric compositional zoning and are usually composite with a core surrounded by one or multiple, often dark, rims suggestive of high U contents (Fig. 12) . Thirty-seven analyses on 19 grains are reported in a TeraWasserburg diagram (31 concordant ages; Fig. 12a ). Concordant 206 Pb/ 238 U ages range from 1011 6 18 to 200 6 4 Ma and display a wide range of Th/U ratios (0Á02-0Á80) and high U contents (mean U content of 2878 ppm with a maximum at around 11 400 ppm). It should be noted that no relation was observed between U contents or Th/U ratios and the 206 Pb/ 238 U ages. In detail, we can distinguish four groups of ages ( Fig. 12a and b): (1) two analyses gave inherited Proterozoic core ages of 1011 6 18 and 976 6 18 Ma (Th/U between 0Á5 and 0Á8), which is in agreement with a sedimentary source for the S-type peraluminous Markam granite (e.g. de Sigoyer et al., 2014); (2) five analyses on inherited cores yielded Devonian to Carboniferous ages, ranging from 425 6 8 to 324 6 6 Ma; (3) five core analyses gave middle Triassic ages from 250 6 5 to 239 6 4 Ma; (4) the main population of ages ranges from 231 6 4 to 209 6 4 Ma. One analysis gave a younger age at 200 6 4 Ma. Zircons from the MAR14-28 sample are abundant and characterized by large crystals (ranging from $150 to 600 mm; Fig. 12 ), elongated in shape and colorless. In cathodoluminescence images, most of them appear to be composite with a core surrounded by one or multiple rims. These domains usually display oscillatory zoning. Sixty-nine analyses on 30 grains are reported in a TeraWasserburg diagram (40 concordant ages; Fig. 12c Pb/ 238 U ages. In detail ( Fig. 12c and d) : (1) two analyses in the core of one single grain give inherited Proterozoic ages of 1316 6 36 and 1256 6 20 Ma; (2) three analyses of an inherited core yield Cambrian to Ordovician ages ranging from 529 6 14 to 443 6 7 Ma; (3) four analyses give Permian to middle Triassic ages from 264 6 7 to 238 6 6 Ma; (4) the main population gives Triassic ages centered at around 207 Ma with a high scatter between 230 6 6 and 200 6 3 Ma (Fig. 12d) ; (5) two analyses give younger ages at 191 6 3 Ma and 188 6 3 Ma, respectively. Zircon grains from the Taiyanghe MAR14-20 sample are abundant, generally elongated prismatic crystals, colorless to slightly brown under natural light, and ranging in size from $100 to 300 mm (Fig. 12) . When observed on cathodoluminescence images, some of them exhibit concentric compositional zoning whereas others do not display any zoning at all. Forty analyses on 22 zircon grains are reported in a Tera-Wasserburg diagram (35 concordant ages; Fig. 12e ). Concordant 206 Pb/ 238 U ages ranges from 239 6 4 to 202 6 3 Ma, and display a wide range of Th/U ratios (0Á06-0Á79) and lower U contents compared with zircons from the Markam pluton (mean U content at 361 ppm, maximum at 1425 ppm). Two younger ages at 196 6 3 Ma and (1), blue]; (ii) and (iii) mixing between depleted mantle (after Rehkamper & Hofmann, 1997; Salters & Stracke, 2004) and the global subducting sediment composition (GLOSS, Plank & Langmuir, 1998) [hyperbola (2), grey], or, at a regional scale, the metasediments from the Songpan Ganze [hyperbola (3), black]; (iv) mixing between a basaltic melt generated from a fertile mantle source around 260 Ma [e.g. lherzolitic isotopic composition after Dhuime et al. (2007) and arc magma composition after Kelemen et al. (2004) (t) and eNd (t) vs MgO (wt %) allowing depiction of the processes influencing the evolution of the isotopic compositions of the studied granites [uniform source and fractional crystallization (FC) or assimilation-fractional crystallization (AFC)]. (d, e) Rb-Sr and Sm-Nd whole-rock isochrons for Markam (pink ellipses) and Taiyanghe (green ellipses) samples (point size is 2r error). Isochrons were calculated by using IsoPlot program (Ludwig, 2001 (Ludwig, , 2003 194 6 3 Ma have also been obtained. In contrast to zircons from the Markam pluton, no inherited ages (i.e. older than Triassic ages) were observed, in agreement with the mantle-derived signature of this pluton (e.g. Yuan et al., 2010) .
Sr-Nd isotope geochemistry
DISCUSSION
Petrogenesis of the granitoids of the Taiyanghe and Markam plutons S-type peraluminous granitoids from Markam pluton
Our new investigations of the Markam pluton allow us to complement previous studies that were restricted to the southeastern branch of this granitoid body (K-feldspar porphyritic granite and fine-grained leucogranite) and thus to explore the petrological and geochemical diversity of the pluton. The entire pluton is fairly homogeneous in terms of its geochemical characteristics, with high-K to shoshonitic, calc-alkaline, peraluminous S-type granites according to the SIAM classification (Chappell & White, 1974) . The variations in the major element contents of the Markam granites do not display clear linear trends, especially in Harker diagrams (Fig. 9) . They rather define two groups of samples. The first one comprises two samples, MAR14-12 and MAR14-28, which are lower in SiO 2 (67-68 wt %) than the other Markam samples (>72 wt %) and show some characteristics of I-type granites (A/CNK ¼ 1Á06 and 1Á07 respectively; no garnet in MAR14-28). Moreover, in the field, samples from this group have been collected from distinctive outcrops, specifically a small magmatic body in the western branch for sample MAR14-12 and in the southeastern branch for sample MAR14-28. The second group of samples comprises all the samples from the main magmatic body. These are characterized by high SiO 2 contents (72-75 wt %) and display no clear linear trends in Harker diagrams (Fig. 9) . The absence of intermediate samples in Harker diagrams suggests limited magma mixing between the two types of magmas. It should be noted that no characteristics of magma mixing were observed in the field within the Markam pluton (e.g. Fig. 2 ). However, looking at the rare earth and trace elements (e.g. Fig. 10a and b), all samples share a coherent geochemical signature and a dominant metasedimentary source is highlighted when plotted in a Rb/Ba versus Rb/Sr diagram (Fig. 13a) (t) and eNd (t) in agreement with the Sr-Nd isotopic characteristics of Songpan Ganze metasediments ( Fig. 11b and c) .
Evolution by different degrees of partial melting and/ or fractional crystallization of the parental melt may be responsible for the observed geochemical variations in the Markam granites. Interestingly, the Markam samples display a decrease of the La/Yb ratio with decreasing MgO (Fig. 13b) . Such a decrease in La/Yb associated with a decrease in La could be explained by two processes: (1) a decrease of the degree of partial melting between the more (MAR14-8 dyke ) and less (MAR14-12) differentiated samples and/or (2) the fractionation of the REE by an accessory mineral such as allanite (up to 0Á3 vol. %) as modelled in Fig. 13c . It should be noted that allanite was observed in the most magnesian granites MAR14-12 (considered as the starting sample for our modelling) and MAR14-28. The second scenario is preferred, as the Markam series does not display any fanning for the LREE (Fig. 10a) typical of partial melting processes. From the Harker diagrams ( Fig. 9a and b) , we suggest that the differentiation between the SiO 2 -poor and the SiO 2 -rich samples is controlled partly by the fractionation of feldspars and Fe-Mg-bearing phases such as biotite. From the contents of Ba and Sr (Fig. 13d) , we can attribute the evolution of the Markam series to the formation of a cumulate rich in plagioclase ($40 vol. %), K-feldspar ($50 vol. %), and biotite ($10 vol. %). Fractionation of feldspars is clearly visible in the REE patterns, where all samples (with the exception of MAR14-8 dyke ) display a strong negative Eu-anomaly [0Á26 < (Eu/Eu*) N < 0Á89]. The SiO 2 -poor samples MAR14-28 and MAR14-12 are interpreted as residual because of their low Rb/Ba and Rb/Sr ratios, which are best explained by the fractionation of Ba and Sr into plagioclase (Harris & Inger, 1992 ). This conclusion is further supported by the similarity between the cumulative mineralogical composition calculated above and the mineralogy observed in porphyritic granite MAR14-28 (relative proportions of plagioclase, alkali-feldspar, and biotite are 45%, 35%, and 20%, respectively).
To summarize, a single metasedimentary source for the parental melt [source(s) are discussed in detail in the next section] is indicated by the S-type geochemical characteristics of the granite, a 87 Sr/ 86 Sr (t) ratio higher than 0Á708 and the presence of inherited Proterozoic and Cambrian to Carboniferous zircon crystals. The observed geochemical variability in the major and trace elements of the studied granites is attributed to fractional crystallization of Kfs, Pl, Bt, and Aln from the parental melt. This led to the formation of an evolved melt that crystallized into a Qtz þ Pl þ Kfs þ Ms þ Bt þ Grt þ Aln 6 Tur assemblage and now forms the main volume of the intrusion (medium-grained texture granites; Fig. 9 ). A residual mush composed of cumulate phases (Kfs þ Pl þ Bt þ Aln) and residual melt was left behind and subsequently extruded to form the small intrusion within the eastern branch (e.g. MAR14-12) and the Kfeldspar porphyritic granite of the southeastern lobe of the pluton (e.g. MAR14-28).
I-type (low-to high-K) calc-alkaline granitoids from Taiyanghe pluton
The Taiyanghe pluton is characterized by a diversity of lithologies, encompassing hornblende-gabbro, diorite, syenodiorite, and granite. Such a wide range of granitoids is unique to the Songpan Ganze terrane. In particular, the gabbros discussed here are the first ones to be described for the Songpan Ganze terrane. Moreover, the abundance of syenodiorite is puzzling as such rocks have been mentioned for only one pluton so far (Niuxingou; Yuan et al., 2010) , and rare occurrences have been observed locally in some other Songpan Ganze plutons during our study (Deschamps et al., in preparation) . It should be noted that, in contrast to Yuan et al. (2010) , we did not identify monzonite among our samples, which systematically have higher proportions of plagioclase compared with alkali feldspar. Nevertheless, we should note that the monzonite described by Yuan et al. (2010) displays the same geochemical characteristics as the syenodiorite described here (Figs 9 and 10) , which corresponds to the main lithology forming the Taiyanghe pluton. According to the classification by Shand (1943) based on A/NK and A/ CNK indices (Fig. 8c) the majority of the samples have a metaluminous affinity, with the exception of samples MAR14-20, 22, and 23, which have a peraluminous affinity. It should be noted that the samples described by Yuan et al. (2010) display a peraluminous affinity. The SIAM classification (Chappell & White, 1974; White & Chappell, 1983 ) based on major and trace element geochemistry confirms previous observations: the Taiyanghe magmatic body is dominated by I-type (Fig. 8b) after Peccerillo & Taylor (1976) reveals an evolution from low-K tholeiitic to high-K calc-alkaline signatures for the Taiyanghe series. Interestingly, we should note that the most mafic samples (i.e. hornblende-gabbros) are clearly I-type (metaluminous) low-K tholeiitic rocks, whereas the most evolved sample (MAR14-23 granite) displays characteristics tending toward the peraluminous S-type. The intermediate syenodiorites display a transitional signature further confirming this tendency. By looking at a Rb/Ba versus Rb/Sr diagram (Fig. 13a) after Patiño-Douce & Harris (1998) and Sylvester (1998) , we note that most of the Taiyanghe samples plot close to the basalt-derived melt end-member, with a contribution of a small amount of sedimentary-derived melt from a clay-poor source.
Harker diagrams of the Taiyanghe samples, together with other granitoids from the Sonpan Ganze terrane (Fig. 9) , show that MgO, CaO, and to a lesser extent MnO, decrease dramatically with increasing SiO 2 (from hornblende-gabbro to syenodiorite), whereas Na 2 O, TiO 2 , P 2 O 5 , and to a lesser extent Al 2 O 3 , increase with SiO 2 ; Fe 2 O 3 does not show any variation. Interestingly, we note the following: (1) the single granite sample (MAR14-23) observed in Taiyanghe does not plot on the trends defined by the other samples from Taiyanghe in variation diagrams; (2) the Taiyanghe trend defined by mafic to intermediate rocks is different from the general trend observed for Songpan Ganze granitoids (except for Fe 2 O 3 ); (3) numerous examples of magma interactions or relationships, mixing, and/or mingling were observed at the outcrop scale (Fig. 5) . However, by considering mafic samples (hornblende gabbros) and silicic samples (MAR14-23 S-type granite) as two different melts, we cannot explain the observed major and trace element variations for the Taiyanghe samples by simple mixing between these two end-members (e.g. Figs 8  and 9 ). The absence of significant mixing is also confirmed by the Sr-Nd isotope systematics of the Taiyanghe series, which evolves from hornblendegabbro to syenodiorite with a nearly constant 87 Sr/ 86 Sr (t) (þ5 Â 10 4 ) and slightly decreasing eNd (t) [-2Á7; mostly influenced by the outlier hornblende-gabbro MAR14-26a with a more enriched eNd (t) signature] for a large variation in MgO content (-8Á7 wt %) (Fig. 11b  and c) . Such an evolution is in agreement with a single parental melt derived from a uniform source that subsequently evolved by fractional crystallization. As observed for the Markam intrusion, the geochemical diversity of the Taiyanghe samples could be better explained by other petrological processes. To a first order, the REE patterns (Fig. 10c) of the Taiyanghe series do not favour geochemical differentiation by different degrees of partial melting (no fan dispersion for the LREE).
Looking in detail at the REE, and in particular La/Yb ratios, which are greatly influenced by the degree of partial melting (Fig. 13b and c) , we note that the mafic to intermediate Taiyanghe rocks have La/Yb ratios varying from 7Á13 to 120Á88, whereas granites have La/Yb equal to 123Á43. La/Yb ratios vary greatly, but the same range of variation can be observed in the Markam granite (4Á87 La/Yb 92Á24), although the Markam granite displays relative homogeneity for major elements (see below). The hornblende-gabbro MAR14-26a, one of the most mafic samples (MgO ¼ 11Á38 wt %; La/Yb ¼ 7Á22), points to an evolution of the magmatic series toward differentiated samples, marked by an increase of one order of magnitude in both La content and La/Yb ratios. Such a joint evolution of these two geochemical markers is inconsistent with fractional crystallization of the dominant mineralogy (feldspars, quartz, mica, garnet). The trend defined by the Taiyanghe samples is parallel to a theoretical trend controlled by different degrees of partial melting of a homogeneous source, but the low La/Yb ratios displayed by the mafic samples are not consistent with this proposition. Such a trend is best explained by the crystallization of accessory minerals with high partition coefficients (K d ) for REE, such as apatite, titanite, zircon, allanite and/or monazite. It appears that crystallization of allanite (up to 0Á2 %) from the parental melt during differentiation is able to explain the observed joint enrichment in La and Yb; such a scenario is in agreement with the presence of allanite in the most differentiated sample of Taiyanghe (i.e. syenodiorite MAR14-20). Additionally, the joint enrichment in Ba and Sr in the mafic hornblende-gabbros to granites of the Taiyanghe pluton (Fig. 13d) , is opposite to the trend defined by the Markam samples. A simple model to explain this trend is to consider the hornblendegabbro as a residual mush complementary to the diorite and syenodiorite evolved melts. Such an evolution could be linked to the progressive fractionation of both plagioclase and amphibole, which is in agreement with the mineral assemblage observed in the hornblendegabbros and with their major element geochemistry (Harker diagrams, Fig. 9a and d) .
To summarize, the Taiyanghe samples were derived from a single parental melt [source(s) are discussed in the next section] and are characterized by I-type characteristics; however, granite sample MAR14-23, which has S-type characteristics, is probably not genetically related to the Taiyanghe series and may rather originate from a Markam-like source. The observed geochemical variability in major and trace elements of the studied hornblende-gabbros to syenodiorites is related to fractional crystallization processes (Pl þ Amp fractionation), leading to the formation of an evolved melt (main volume of the intrusion ¼ I-type high-K calc-alkaline diorite and syenodiorite) and a subsequently extruded residual mush (I-type, low-K calc-alkaline hornblende-gabbros). Considering the relative position of the syenodioritic samples and the hornblende-gabbros in the TAS diagram (Fig. 8a) , the parental melt must be considered as dioritic in composition (basaltic andesite in the TAS classification). Such a parental melt can result from the partial melting of mafic rocks or alternatively by the melting of hydrous peridotite (e.g. Condamine & Mé dard, 2014 ).
Source(s) of the granitoids: do the Taiyanghe and Markam granitoids represent geochemical endmembers for Songpan Ganze plutonic rocks?
Depth of magma extraction
Although the Markam and Taiyanghe plutons are geographically close (less than 2 km apart), they display contrasting geochemical characteristics pointing to distinct petrogenetic processes. These are partly due to different differentiation paths, but their geochemical and isotopic signatures suggest different origins, probably partial melting at different depths, for the parent magmas. The two plutons are further distinguished by their high field strength element (HFSE) signatures f) . The Markam granites display slight depletion in Nb, leading to a decoupling between Nb and Ta, but normal behaviour for Zr-Hf compared with neighbouring elements in normalized trace element patterns, whereas the Taiyanghe granitoids are characterized by depletion in both Nb and Ta (with no strong decoupling between them), and a small enrichment in Zr-Hf in the more differentiated samples (syenodiorite and granite). With the exception of the Taiyanghe hornblende-gabbros, the studied samples are richer in Nb and Ta than the theoretical values for continental crust (Rudnick & Gao, 2003) . Interestingly, we observe that for a given Nb content the Taiyanghe samples are less enriched in Ta compared with Songpan Ganze metasediments, whereas the Markam granites are richer in Ta (Fig. 13e) . Such behaviour suggests that the Nb-Ta anomaly in the Taiyanghe series cannot be due to mixing and/or assimilation between melt and metasediments, but probably reflects a deeper source effect. It is known that both Nb and Ta are mainly controlled by the presence of rutile in the magma source, and notably that this phase can fractionate Nb from Ta through melting at a pressure higher than $1Á5 GPa (e.g. Xiong et al., 2005) . The Taiyanghe samples (except granite MAR14-23) have superchondritic Nb/Ta ratios whereas the Markam samples are characterized by subchondritic Nb/Ta ratios. Markam samples do not display a deep Nb-Ta negative anomaly (Fig. 13f) , discounting an inheritance of this signature from metasediments. According to the experimental work of Foley et al. (2002) , the Nb/Ta and Zr/Sm signatures of the Taiyanghe magmatic series (Fig. 13f) could reflect partial melting of a source under eclogite-facies conditions, with rutile as a residual phase (1Á5 GPa), but not an origin from an amphibolite-facies mafic crust. The Nb/Ta and Zr/Sm ratios of the Taiyanghe samples are similar to those of mid-ocean ridge basalt (MORB) or island arc basalts (Foley et al., 2002) , suggesting a mantle source as an alternative. In contrast, the Markam series granites, at least the more magnesian samples, could reflect partial melting of a metasedimentary source under amphibolite-facies conditions. This is confirmed by the sampling depth of the metasediments determined from thermobarometry (10-20 km), which represents a minimum depth for the magma source. It should be noted that such a theoretical melt has a Nb/ Ta signature identical to those of Songpan Ganze metasediments and that the melting depth as estimated above is compatible with the present-day thickness of the Middle-Upper Triassic metasediments from the Songpan Ganze accretionary orogenic wedge of about 5-15 km Zhou & Graham, 1996; Chang, 2000) . From these observations, we can infer that (1) the magmas forming the Taiyanghe pluton could have been generated from a lower crustal or upper mantle reservoir under eclogite-facies conditions (i.e. at pressures higher than 1 GPa; depth > 30 km), and (2) the magmas forming the Markam pluton could have originated from melt generated from, or at least that interacted with, a reservoir at pressures definitively lower than 1000 MPa (amphibolite facies).
Nature of the Markam magmatic source
As demonstrated above, it appears that the Markam intrusion results from the melting of a metasedimentary source under amphibolite-facies conditions, at a maximum depth of about 30 km The initial Sr-Nd isotope ratios of the Markam granitoids fall in the field defined (Fig. 11a) by previously published data for peraluminous S-type granitoids from the Songpan Ganze terrane (de Sigoyer et al., 2014) . Moreover, the Markam samples fall into the Sr-Nd field of the Songpan Ganze metasediments. We note that the Sr and Nd isotopic ratios for the Markam samples vary markedly for a small variation in MgO content [5Á8 Â 10 3 increase of the 87 Sr/ 86 Sr (t) ratio and a 3Á17 decrease in eNd (t) for a decrease of 0Á77 wt % in MgO content] (Fig. 11b and c) . Such an isotopic evolution is consistent with the Sr-Nd isotopic composition of Songpan Ganze metasediments. We infer, based on major and trace element characteristics, an extraction depth estimated from thermobarometry on the metamorphic enclaves, and Sr-Nd systematics, that the Markam magmas were derived from melting at a deep level in the Songpan Ganze accretionary orogenic wedge under amphibolite-facies conditions. This interpretation is in accordance with the conclusions drawn by Roger et al. (2004) , who identified the sediments of the Songpan Ganze terrane as the dominant source for the Markam granite, based on the isotopic data obtained on two samples from its southeastern branch.
Nature of Taiyanghe magmatic source
In contrast to the Markam samples, the Taiyanghe series results from the melting of either a deep mafic source under eclogite-facies conditions at a minimum depth of 30-35 km or an ultramafic mantle source.
The initial Sr-Nd isotope compositions of the studied granitoids fall within the field previously defined by Yuan et al. (2010) for the same pluton; both datasets are consistent with the isotopic compositions of Songpan Ganze high-K calc-alkaline I-type granitoids (Zhang et al., 2006 (Zhang et al., , 2014 Xiao et al., 2007; Cai et al., 2010; Yuan et al., 2010; de Sigoyer et al., 2014) . The field for the Taiyanghe samples lies between the fields defined by the bulk silicate Earth (BSE) and the mantle array on the one hand and the sediments of the Songpan Ganze terrane on the other hand (Fig. 11a) . It also lies close to the bottom-right end of the field defined by western Yangze cratonic rocks that represents the eastern continental margin of the Songpan Ganze Basin. Several scenarios, in the not yet geologically constrained context of the Songpan Ganze accretionary orogenic wedge during the Triassic, could be envisaged to explain the formation of the Taiyanghe series.
(1) The first scenario considers the melting of the Proterozoic margin of the western Yangtze craton, which may have constituted the basement of the Songpan Ganze basin at its eastern margin during Triassic times. This hypothesis is supported by the similarity of the isotopic signature of the Yangtze Craton and the Taiyanghe samples. The involvement of the Yangtze craton as a deep crustal source has been advocated by Roger et al. (2004 Roger et al. ( , 2010 for the Manai and Rilong plutons, and by Zhang et al. (2006) for the Yanggon and Maoergai granitoids, based on isotopic data. Nevertheless, the studied samples are slightly more radiogenic in Sr than the field defined on the basis of the existing data for the Yangtze craton. Moreover, the absence of Proterozoic U-Pb zircon core ages in the Taiyanghe samples [neither in this study nor in that of Yuan et al. (2010) ] is not supportive of such a scenario.
(2) The second scenario considers melting, some 260 Myr ago, of oceanic crust that may have constituted the basement of the Songpan Ganze Basin (back-arc basin and/or remnant of the Paleo-Tethys Ocean). This would result in the formation of MORB-derived melts percolating through the overlying sediments. Simple binary mixing between a MORB composition calculated using a Sr-Nd isotope average compiled from the database PetDB (Petrological Database of the Ocean Floor, version 2.8.8, http://www.eartchem.org/petdb/) and the metasediments of the Songpan Ganze accretionary orogenic wedge [isotopic average after de Sigoyer et al. (2014) and this study] is represented by hyperbola 1 in Fig. 11a . However, to explain the Sr-Nd isotopic signature of the studied Taiyanghe samples, a contamination process implying about 35-40% of a sedimentary component is required, which is important for such a process. We should mention here that the modelling of rare earth and trace element compositions resulting from such a mixing (MORB þ metasediment; not displayed here) do not give convincing results when compared with the dioritic sample composition (MAR14-24) estimated as the closest to the parental melt. Notably, HREE, as well as Rb, Ba, Sr and Pb compositions are different; we should note, for example, the high contents in U and HREE in Songpan Ganze metasediments ( Fig. 10g and h ) in contrast to the Taiyanghe samples, whereas Rb, Ba, and Sr contents are too high in the Taiyanghe series to be explained by such a (MORB þ metasediment) mixing process. Moreover, we think that this hypothesis can be rejected as the calculated depleted mantle Nd model ages of the Taiyanghe samples (from 2Á44 to 1Á14 Ga) do not match the Paleozoic ages of the oceanic basin (e.g. Roger et al., 2010) .
(3) The third scenario considers the production of melt from a hydrated mantle wedge in a subduction context, and the involvement of a radiogenic metasedimentary reservoir either before partial melting in the subduction channel or after partial melting by subsequent interaction of the melt with the base of the overlying crust. This hypothesis is favored by Yuan et al. (2010) who, based on trace element and isotopic data for the Taiyanghe granites, suggested that they were formed from 'low degrees of partial melting of metasomatized lithospheric mantle'. It should be noted that this scenario is reinforced by the calc-alkaline affinity of the Taiyanghe rocks, as well as their enrichment in large ion lithophile elements (LILE) and combined Nb and Ta negative anomalies typical of the continental crust formed above subduction zones (e.g. Pearce et al., 1984; Rollinson, 1993) . This scenario is further supported by the fact that the isotopic compositions of Taiyanghe series plot between a mantle composition with an unradiogenic composition of Sr and radiogenic Nd, and a crustal reservoir with a radiogenic signature in Sr and unradiogenic signature in Nd, compatible with the isotopic signature of Songpan Ganze sedimentary rocks (Fig. 11a) . In detail, different mixing hyperbolae can be drawn between the different isotopic reservoirs (Fig. 11a) , as follows. (a) Simple binary mixing between depleted mantle (after Rehkamper & Hofmann, 1997; Salters & Stracke, 2004) and global subducting sediment (GLOSS, Plank & Langmuir, 1998 ) (mixing hyperbola 2), or, on a regional scale, the metasediments from the Songpan Ganze accretionary orogenic wedge [isotopic average after de Sigoyer et al. (2014) and this study] (mixing hyperbola 3), predict isotopic compositions that are too radiogenic in Nd. (b) Another binary mixing model considers a basaltic melt generated from fertile mantle [e.g. lherzolitic isotopic composition after Dhuime et al. (2007) ] and an arc magma composition (after Kelemen et al., 2004) at around 260 Ma, which would be contaminated by Songpan Ganze metasediments (mixing hyperbola 4). The resultant mixing hyperbolae fit well with our results for the Taiyanghe samples, and notably with the estimated compositions of the parental melt. However, the mass ratio between the mafic and sedimentary end-members estimated for these models for the typical Nd and Sr concentrations of the basalts is around 1:1, which is unrealistic for a contamination process as it would lead to major element characteristics outside the observed range.
(c) A final binary mixing can be modelled between an enriched mantle (close to the BSE composition) and the metasediments from the Songpan Ganze accretionary orogenic wedge (mixing hyperbola 5). This model fits well with the isotopic compositions of the Taiyanghe rocks and predicts a realistic ratio of melt:sediment contamination (c. 5-6% crustal contamination); moreover, it is the only model capable of reconciling the acquisition of a limited metasedimentary-like geochemical signature in the Taiyanghe series as well as the absence of Proterozoic U-Pb zircon cores ages in the studied samples.
Timing of magma generation from source(s)
Here we examine the significance of the oldest ages obtained from the Rb-Sr, Sm-Nd, and U-Pb chronometers with respect to the magmatic history of the region. We recall that in both Markam samples, we observed an interesting group of U-Pb zircon ages, ranging from 263Á9 6 7 to 237Á5 6 6 Ma, which are at least 10 Myr older than the main population of zircon ages. It is therefore interesting to note that there is a good agreement between the oldest magmatic U-Pb zircon ages in the Markam series (237Á5-263Á9 Ma) and the dates defined by the Sm-Nd isochrons (246 6 11 Ma; Fig. 11e ) and their isotopic evolution from a homogeneous parental melt (Fig. 11f) . In contrast, early magmatic activity in the Taiyanghe pluton is suggested only by a poorly defined Sm-Nd whole-rock isochron age of 250 6 29 Ma (Fig. 11e) . Any geological interpretation of the oldest ages recorded in the Taiyanghe and Markam samples by the Sm-Nd, Rb-Sr and U-Pb ages must therefore account for the following observations. (1) The oldest group of ages (240-260 Ma) is obtained from a Sm-Nd whole-rock isochron from both plutons. In contrast, this is present in only the U-Pb zircon ages for the Markam samples. (2) There is a gap between this group of ages and the younger ages in the U-Pb probability diagrams (<239 Ma).
The early U-Pb zircon ages date the crystallization of the first zircons during the magmatic process and indicate the ZrSiO 4 saturation of the melt, which reflects either a drop in temperature or an increase of the ZrSiO 4 content during fractional crystallization (e.g. Watson & Harrison, 1983) . In any case, the oldest U-Pb ages can be interpreted as representing a minimum date for melt crystallization, at 260 Ma for the Markam magmatic rocks and at 238 Ma for the Taiyanghe pluton. The geological significance of the Sm-Nd and the Rb-Sr wholerock ages is likely to differ because they record the last moment at which the Nd and Sr reservoir for the magmatic rock was homogenized in terms of its isotopic composition, and after which each sample evolved as a chemically closed system. This can correspond either to melting of a solid source of homogeneous isotopic composition or to the extraction of individual samples from a melt that had undergone chemical and isotopic homogenization. For the Markam magmatic body, it is noticeable that the Triassic metasediments that have been identified as the source for the granitic melt have an isotopic variability for Nd that is much larger than the isotopic variability calculated back to 250 Ma from the isochron (60Á000025) (Fig. 11a and e) . The initial value is, moreover, equal to the average of the metasediments. This supports the notion that isotopic homogenization, and hence the Sm-Nd age, corresponds to the collection of the melt pockets generated from the partial melting of the metasediments, and the subsequent crystallization of this melt. It is suggested that these early processes took place close to the melt production zone, and that the major melt extraction and crystallization occurred some 20 Myr later, as most of the U-Pb crystallization ages are in the range 200-231 Ma. For the Taiyanghe magmatic body, the same reasoning does not apply because there is no indication for heterogeneity of the mantle source of the magmas. We can, however, make the assumption that the cause for Nd homogenization was the same for the Taiyanghe and for the Markam magma bodies as they give a similar isochron age. In this case, it remains to be explained why no zircons crystallized during the early stages of magma collection. A possible explanation is the nature of the parental magma, which is poorer in Zr and Si and would achieve Zr saturation only during the main ascent and cooling phase of the magmatic evolution. It can be seen that the quality of the alignments is lower in the Rb-Sr than in the Sm-Nd isochron diagram, which indicates either that there was an incomplete resetting of the chronometer during melt collection (lower isotopic homogenization) or that the Rb-Sr ratio has undergone fractionation during later metamorphic or alteration processes. Interestingly, both plutons yield the same Nd isochron ages, reflecting contemporaneous formation of the first melts from two different sources at different lithospheric levels. This is suggestive of a geological phenomenon at the regional scale capable of triggering melting in the shallow mantle, as well providing a heat source able to trigger melting at a deep crustal level, such as is commonly observed in a subduction-zone regime.
Timing and emplacement of the MarkamTaiyanghe intrusions Timing of the emplacement of the Markam and Taiyanghe plutons
Geochronological data and field observations, taken altogether, allow us to discuss the history of partial melting and magma emplacement in the framework of the regional orogeny. Concerning the absolute timing of emplacement of the studied plutons, our new geochronological data do not define a single age for the magmatic crystallization (Fig. 12) . Indeed, the U-Pb data display a continuum of concordant 206 Pb/ 235 U zircon ages, tentatively interpreted as reflecting protracted zircon crystallization in the presence of melt and thus the duration of the magmatic activity. Five groups of ages were distinguished. The first two groups are represented by xenocrysts and give inherited Proterozoic (1316-976 Ma) and Cambrian to Carboniferous (529-324 Ma) core ages, and are present only in the Markam pluton. The presence of zircon cores inherited from the metasedimentary source is consistent with the peraluminous affinity of the Markam granite. As discussed by Weislogel et al. (2006) and Pullen et al. (2008) , the ages obtained on zircon cores reflect the provenance of the detrital sediments from both the Qiangtang region (Proterozoic zircons) and the North Qinling region (Cambrian to Carboniferous sediments). The following groups of ages are those of Triassic magmatic zircons: a small population retrieved only from the Markam samples gives Permian to middle Triassic U-Pb ages (264-238 Ma) at least 10 Myr older than the main population of ages . These ages coincide with the Nd errorchron ages obtained for both Markam (246 6 11 Ma) and Taiyanghe (250 6 29 Ma) samples. As explained above, we propose that these early Triassic ages reflect the onset of crystallization of zircon in the presence of melt generated in the deeper crust for both intrusions. The main population of ages shows a continuum of late Triassic ages from 231 to 200 Ma for Markam, and from 239 to 202 Ma for Taiyanghe. These ages reflect late Triassic crystallization during magma crustal storage and differentiation, ascent and emplacement for both plutons. In the particular case of the Markam pluton, the U-Pb ages indicate that the crystallization of sample MAR14-12 granite ended 10 Myr before that of feldspar-phyric coarse-grained granite MAR14-28, suggesting the late emplacement of the southeastern branch of the Markam pluton compared with the main volume of the Markam intrusion. The last group of ages corresponds to a small population in the range 200-190 Ma. In all cases, these data correspond to anomalous zircon crystals in which an inverse age zonation (younger ages in the cores) has been observed. These crystals have U contents close to the observed average for all studied zircon grains, so that the younger ages cannot be explained by irradiation damage of zircon crystals (White & Ireland, 2012) . Further investigations are necessary to interpret these ages, so these data have not been taken into account in this study.
The new U-Pb zircon ages for the Taiyanghe pluton are in agreement with the mean age of 205 6 3 Ma (197 6 5 to 212 6 5 Ma; n ¼ 12 zircon grains) published by Yuan et al. (2010) . Nevertheless, those researchers mentioned that they obtained one 206 Pb/ 238 U age of 233 6 5 Ma and interpreted it as the age of a xenocryst incorporated from the wall-rocks. In the light of our new U-Pb ages, we consider that such ages correspond to the long-lasting magmatic history of the pluton. The ages obtained in this study are also in agreement with those usually observed throughout the Songpan Ganze granitoid plutons and acquired with in situ techniques such as sensitive high-resolution ion microprobe (SHRIMP) and/or LA-ICP-MS (from 228 to 195 Ma; see Roger et al. 2010; de Sigoyer et al., 2014) . However, the new zircon U-Pb ages on the Markam pluton differ significantly from those obtained by Roger et al. (2004) by conventional ID-TIMS U-Pb dating on zircon (153 6 3 Ma) and monazite (188 6 1 Ma) in a sample from the southeastern branch of this magmatic body. As discussed by de Sigoyer et al. (2014) , these ages can be explained by multiple growth and/or partial resetting of the zircon grains and therefore post-magmatic events.
During the Triassic period, a variety of granitic magmas (e.g. de Sigoyer et al., 2014) were produced in response to closure of the Paleo-Tethys and subsequently to the formation of the Songpan Ganze accretionary orogenic wedge on the margin of the South China craton. Field observations of both Markam and Taiyanghe (Figs 2 and 4) , but also of numerous other plutons, confirm the absence of deformation within the plutonic bodies de Sigoyer et al., 2014) , in contrast to the strongly deformed Songpan Ganze metasediments. The fact that the studied plutons crosscut major early to middle Triassic folds is suggestive of post-folding (and thereafter post-collisional) emplacement during the late Triassic . However, locally we observed in the Markam pluton evidence of boudins of late silicic intrusive rocks, as well as boudinaged lenses of metasediments as inclusions within the pluton. Given the range of ages for the emplacement of this body (231-209 Ma), and following previous researchers, we infer that the Markam granitoids intruded the Sonpan Ganze sequence under a compressional tectonic regime during the Triassic period (Nie et al., 1994; Zhou & Graham, 1996; Huang et al., 2003a Huang et al., , 2003b Weislogel, 2008; de Sigoyer et al., 2014) .
Petrological model for the generation and emplacement of Markam and Taiyanghe plutons
The Taiyanghe and Markam magmatic bodies are two neighbouring plutons of similar age that nevertheless have different magma sources (i.e. a mantle source and a deep crustal source). The absence of notable interactions between the magmas during their ascent and differentiation has led to the preservation of the chemical and isotopic characteristics of the initial melts in the present-day plutons. Because these plutons represent two end-members of the magmatic bodies distributed all over the Songpan Ganze terrane, they offer us the opportunity to understand the generation and emplacement of magmatic bodies in this domain from a single field example. In the light of previous studies on these plutons and our newly acquired geological observations and geochemical-geochronological data, we propose the following scenario (Fig. 14) .
(1) The first magmas were produced at around 250 Ma for both plutons (Fig. 14) , as indicated by the Nd isochrons and the earliest magmatic U-Pb ages on zircon grains , and at different lithospheric levels (crust-mantle boundary for Taiyanghe and the lower part of Songpan Ganze Basin for Markam). We suggest that melting resulted from a regional thermal anomaly triggered by subduction processes and the subsequent melting of the overlying hydrated mantle wedge.
(2) The melts, which correspond to the S-type peraluminous medium-to coarse-grained granite from both western and eastern branches of Markam, were produced over a 55 Myr period (with maximum magmatic activity from 231 to 209 Ma). They originated from the melting of Songpan Ganze metasediments under amphibolite-facies conditions (Fig. 14) , at a minimum depth of 20 km, as indicated by the lowest pressure retrieved from metasedimentary enclaves exhumed during magma ascent (550 MPa; Fig. 7a) , and a maximum melting depth of about 30-35 km, as evidenced by their Nb/Ta ratios (Fig. 13f) . The magmas, which were relatively homogeneous in terms of their major and trace element compositions, have experienced limited fractional crystallization leading to the formation of a more evolved magma (medium-to coarse-grained granite), and a mush composed of (Kfs þ Pl þ Bt þ Aln)-rich cumulates ( Fig. 13c and d ) associated with a late crystallized residual melt (e.g. sample MAR14-12). Based on the estimation of the pressure-temperature conditions experienced by the metasediments from the eastern contact of the pluton, we determine an upper limit of 14 km for the emplacement depth of the Markam granite.
(3) Contemporaneous with the formation and emplacement of both western and eastern branches of the Markam pluton, the main volume of the Taiyanghe pluton, represented by I-type, high-K calc-alkaline diorite and syenodiorite, intruded the Songpan Ganze accretionary orogenic wedge around 239-202 Ma (peak of ages around 210 Ma; Fig. 14) . In contrast to the metasedimentderived Markam pluton, the Taiyanghe melts originated from partial melting of a mantle source under eclogitefacies conditions (i.e. P > 1000 MPa, corresponding to a depth greater than 35 km) as indicated by their Nb/Ta ratios (Fig. 13f) . As evidenced by its geochemical characteristics (enrichment of LILE, negative anomaly in Nb-Ta, Sr-Nd isotope systematics), this source is compatible with a subduction-zone setting; such characteristics are not consistent with thermal erosion of the lithosphere as proposed by Yuan et al. (2010) . The Taiyanghe parental melts formed at mantle depths and crystallized at a shallow level within the Songpan Ganze accretionary orogenic wedge, at pressures below 300 MPa (equivalent to c. 11 km) as evidenced by thermobarometric calculations for amphiboles (Fig. 6f) . As observed for the Markam granite, the Taiyanghe diorite and syenodiorite are the result of magmatic differentiation by fractional crystallization and the subsequent formation of a (Pl þ Amp)-rich cumulate trapping a late-crystallized residual melt. We estimate the maximum emplacement depth of the Taiyanghe intrusion at around 10 km (i.e. close to the maximum emplacement depth of the Markam pluton). The emplacement of the unique peraluminous, intermediate-K calc-alkaline affinity granite MAR14-23 is noteworthy; this sample is distinct as it has a hybrid composition, with, for example, an A/CNK ratio close to 1Á2 in agreement with its S-type peraluminous characteristics. We assume that this granite was derived from a Markam-like source and intruded the Taiyanghe granite.
(4) The southeastern branch of the Markam pluton (e.g. sample MAR14-28), previously studied by Roger et al. (2004) and de Sigoyer et al. (2014) , comprises S-type peraluminous (feldspar-phyric) coarse-grained granite that has a younger age than other Markam granites (230-200 Ma; peak at 207 Ma). As expressed by its porphyritic texture and mineral assemblage, this granite represents the residual liquid trapped in the cumulate formed during the magmatic differentiation of the Markam granite, and was subsequently extruded and emplaced through the Markam intrusion (Fig. 14) .
(5) I-type low-K calc-alkaline hornblende-gabbros, which represent the residual mush formed from the differentiation of the Taiyanghe melt by the formation of a (Pl þ Amp)-rich cumulate, intruded the pluton soon after its assembly ($205-200 Ma; Fig. 14c ).
(6) The magmatic bodies were subsequently exhumed following Cenozoic uplift and erosion of the Tibetan Plateau. Knowing that the Markam-Taiyanghe intrusions were emplaced through the Songpan Ganze accretionary orogenic wedge at estimated minimum depths of about 11 km (300 MPa), their present-day position at the surface reflects an erosion rate of about 0Á05 mm a -1 during the last 200 Myr, in agreement with the erosion rate proposed in the literature for the Tibetan Plateau.
CONCLUSIONS
The Markam and Taiyanghe plutons are neighbouring plutonic bodies (separated by less than 2 km) that have totally different geochemical characteristics that reflect distinct sources and different depths of magma extraction representing, respectively, a silicic and a basic endmember for the Songpan Ganze granitoid suites. Thus, both plutons were ideal targets to better understand the petrological, geochemical and isotopic evolution of Triassic Songpan Ganze magmatism, providing new perspectives on the dynamics of magmatic interactions in the lower crust. The petrological and geochemical characteristics of the Taiyanghe and Markam plutons indicate that Triassic magmatism occurring through the Songan Ganze accretionary orogenic wedge resulted from melting at different levels of the orogenic continental lithosphere, over a 10-20 Myr period, and that there were limited interactions between these magmas.
(1) The northern part of the Markam pluton exposes an S-type peraluminous medium-to coarse-grained granite [Qtz þ Pl þ Kfs(6Mc)þBt þ Ms þ Grt þ Chl þ Tur] generated by partial melting, starting at around 250 Ma, followed by melt differentiation and emplacement over a period of about 20 Myr (231-209 Ma) at estimated minimum depths of about 11 km (300 MPa). The petrological and geochemical characteristics of the granitic suite composing the Markam pluton are consistent with an origin by partial melting of Songpan Ganze metasediments under amphibolite-facies conditions at depths between 20 and 35 km. The magmatic series displays limited geochemical evolution of the parental melt by fractional crystallization, and subsequently the formation of a (Kfs þ Pl þ Bt þ Aln)-rich cumulate.
(2) The southeastern branch of the Markam pluton is characterized by an S-type peraluminous coarsegrained granite with feldspar phenocrysts (Qtz þ Kfs þ Pl þ Bt þ Ms þ Aln), displaying a large range of ages for its evolution and emplacement (230-200 Ma; peak at 207 Ma). This granite is interpreted as the residual mush formed during the geochemical differentiation of the parental melt and its subsequent extrusion.
(3) The Taiyanghe pluton is mainly characterized by Itype high-K calc-alkaline diorite and syenodiorite (Qtz þ Pl þ Kfs þ Bt þ Amp 6 Chl 6 Grt) and was emplaced over a period of about 40 Myr (239-202 Ma) at an estimated minimum depth of about 11 km. Taiyanghe magmas formed by partial melting of an enriched mantle wedge source under eclogite-facies conditions, as evidenced by a pronounced negative Nb-Ta anomaly, and underwent little geochemical interaction with the Songpan Ganze metasediments. This magmatic series reveals evidence for limited fractional crystallization during evolution of the parental melt, leading to a (Pl þ Amp)-rich cumulate.
(4) The Taiyanghe pluton also includes: (a) I-type, low-K calc-alkaline hornblende-gabbros (Amp þ Pl þ Qtz þ Bt), which are assumed to represent a cumulate trapping a late-crystallized residual melt formed from the differentiation of the Taiyanghe series, and which intruded the pluton soon after its emplacement; (b) a hybrid granite (Qtz þ Kfs þ Pl þ Chl þ Amp þ Bt) with intermediate-K calc-alkaline affinity, but also displaying S-type peraluminous characteristics (e.g. A/CNK > 1Á2), which we interpret as an intrusion of crust-derived melts, similar to those of the Markam pluton, within the Taiyanghe pluton.
